Rapid responses to emotional words play a crucial role in social communication. This study employed event-related potentials to examine the time course of neural dynamics involved in emotional word processing. Participants performed a dual-target task in which positive, negative and neutral adjectives were rapidly presented. The early occipital P1 was found larger when elicited by negative words, indicating that the first stage of emotional word processing mainly differentiates between non-threatening and potentially threatening information. The N170 and the early posterior negativity were larger for positive and negative words, reflecting the emotional/non-emotional discrimination stage of word processing. The late positive component not only distinguished emotional words from neutral words, but also differentiated between positive and negative words. This represents the third stage of emotional word processing, the emotion separation. Present results indicated that, similar with the three-stage model of facial expression processing; the neural processing of emotional words can also be divided into three stages. These findings prompt us to believe that the nature of emotion can be analyzed by the brain independent of stimulus type, and that the three-stage scheme may be a common model for emotional information processing in the context of limited attentional resources.
INTRODUCTION
Rapid responses to emotional stimuli play a crucial role in human survival. To date, most of the researches on human emotional processing show photographic renderings of emotionally evocative objects, such as facial expressions and emotional pictures, to experimental subjects. As a highly symbolic species, humans can use much more abstract signals, namely, language, to communicate with each other about themselves and their environment. Thus, in contrast to facial expressions and emotional pictures, which are direct biological cues, words can represent emotions on a symbolic level. Recent research suggests that the emotional processes elicited by different stimuli, such as facial expressions, pictures and words may be similar (Sprengelmeyer and Jentzsch, 2006; Kissler et al., 2007; Schacht and Sommer, 2009a) . Luo et al. (2010) proposed a three-stage model of facial expression processing. The present study aimed to determine whether the processing of emotional words also involves three stages.
Numerous studies using event-related potential (ERP) technique in human subjects have separately investigated the time courses with which various types of emotional stimuli are processed. Several studies have indicated that the presentation of emotional faces and words might affect early C1 (Rellecke et al., 2011) , and the P1 and the N1 components (Batty and Taylor, 2003; Eger et al., 2003; Hofmann et al., 2009; Kissler and Herbert, 2013) . For example, van Hooff et al. (2008) observed larger P1 amplitudes elicited in response to negative words as compared to those for neutral words in an emotional Stroop task. Additionally, the face-sensitive N170 component, measured over the occipito-temporal regions, can be modulated by facial expression, with larger amplitudes elicited in response to fearful and happy, compared with neutral, expressions (Williams et al., 2006) . In addition, many ERP studies have shown that an early posterior negativity (EPN) can be modulated by affective pictures and facial expressions (Junghofer et al., 2004; Schacht and Sommer, 2009a; Frühholz et al., 2011) . For instance, Schupp et al. (2003) found that the EPN, whose peak was over occipito-temporal sites between 250 and 350 ms, was more prominent in response to emotional as compared to neutral stimuli. Similarly, emotional word studies observed a more negative-going EPN component for emotional words as compared to neutral words between 200 and 300 ms (Kissler et al., 2007; Herbert et al., 2008; Kissler et al., 2009; Scott et al., 2009) or between 300 and 400 ms (Schacht and Sommer, 2009a,b; Palazova et al., 2011) , often appearing in occipito-temporal region and temporally after the N170 component (Scott et al., 2009; Frühholz et al., 2011; Rellecke et al., 2011) .
The amplitude of the late positive component (LPC, also termed P3, P3b or late positive potential) has been shown to increase at centroparietal electrode sites in participants viewing emotional stimuli, such as images (Cuthbert et al., 1999; Schupp et al., 2004a) , faces (Schupp et al., 2004b; Schutter et al., 2004) and words (Fischler and Bradley, 2006; Herbert et al., 2006; Frühholz et al., 2011) . The LPC is the most consistently reported late effect of emotional word categories on the ERP (Kissler et al., , 2009 . This component reflects a more elaborate processing stage and may be associated with task demands, such as attentional capture, evaluation and memory encoding (Herbert et al., 2008; Palazova et al., 2011; Bayer et al., 2012) . Previous studies have found that the amplitude of the LPC differs in response to positive vs negative words (Bernat et al., 2001; Palazova et al., 2011; Bayer et al., 2012) , indicating that it can discriminate emotional valence.
As the natural covariation between arousal and valence ratings of emotional words takes a U-shape (Lang et al., 1998) , most previous studies have used positive and negative words with arousal ratings that are similar to one another but higher than those of neutral words (e.g. Kissler et al., 2006 Kissler et al., , 2009 . For instance, Kissler and Herbert (2013) recently found that (i) the amplitude of the N1 component was larger for negative than for neutral words, (ii) the EPN component was more negative in response to positive and negative words compared with neutral words and (iii) the LPC was more positive for positive than for negative words. Although previous investigations have been in-depth and comprehensive, we believe that the observed emotional effect may result from variations in valence (positive vs negative) and/or arousal (relaxing vs arousing). In general, the arousal dimension of emotional stimuli can produce robust ERP changes; pure valence effects have been less studied and reliable valence effects have been reported less often than arousal effects (Conroy and Polich, 2007; Bayer et al., 2012) . The pure influence of emotional valence on different stages of visual word processing remains unclear. The current study employed emotional words with different valence ratings (negative, neutral and positive) but the same arousal rating to investigate the possible effects of emotional valence on ERP data.
The rapid serial visual presentation (RSVP) task is sufficiently sensitive to detect the time course of emotion processing in the brain in the context of limited attention resources. Using an RSVP paradigm, colleagues (2004, 2006) found that accuracy rates were higher and ERP amplitudes were larger for high-arousal pleasant and unpleasant words than for low-arousal neutral words. We previously used the RSVP task to investigate the time course of facial expression processing and proposed a three-stage model (Luo et al., 2010) . The N1 and P1 components may reflect the first stage, during which negative facial expressions are distinguished from others. During the second stage, the vertex positive potential (VPP) and N170 reflect discrimination between emotional and neutral facial stimuli. Finally, in the third stage, emotional facial expressions are differentiated as positive or negative. The N3 and P3 components likely reflect further evaluation of the affective valence of stimuli during this stage. In the present study, we hypothesized that facial expressions and words would elicit similar emotional processing, as the emotional valence, rather than type, of stimulus may be the major determinant of the brain's processing pattern. The potential similarity of different types of emotional stimulus being processed by the brain prompted us to investigate whether three stages of emotional word processing could be distinguished using the RSVP paradigm.
METHODS

Subjects
Twenty undergraduates (10 females) aged 18-24 years (mean age ¼ 20.8 years) participated in this study. All were right-handed and had normal vision (with or without correction). Informed consent was obtained prior to the experiment according to procedures approved by a local ethical committee.
Stimuli
Considering that adjectives usually describe characteristics, states or traits and may be related more directly to emotions than are nouns and verbs , emotional adjectives were used in this study to investigate the pure effects of emotional valence on ERP components.
The stimuli consisted of 18 Chinese adjectives, 12 Chinese pseudowords and four strings of four repeated digits (i.e. 1111, 2222, 5555 and 6666; see the Supplementary Material for more details). The meaningless pseudowords were presented upside-down during the experiment to avoid 'floor effect' since it was difficult to detect upright emotional adjectives among a series of quickly presented upright pseudowords. Three types of adjectives (six positive, six negative and six neutral ones) were selected from Chinese Affective Words System (CAWS) 1 (Wang et al., 2008; Zhang et al., 2010) To prevent our results from being contaminated by the arousal across three emotional conditions, the arousal level of selected words was controlled [F(2, 15) < 1; positive ¼ 4.82 AE 0.32, neutral ¼ 4.88 AE 0.41, negative ¼ 4.84 AE 0.14]. The font of the characters was Song Ti No.48. All stimuli (including two-character words and repeated digits) were presented in white color on the black background with the same contrast and brightness. All stimuli were adjusted to have the same size (142 Â 74 pixels), and with the viewing angle as 2.4 Â 4.58. The screen resolution was 72 pixels per inch. Subjects were seated in a sound-proof room with their eyes approximately 90 cm from a 17-inch screen. All stimuli were displayed in the center of the screen.
Procedure Consistent with our previous research (Luo et al., 2010) , the present study used the dual-target RSVP task (Raymond et al., 1992) . The experimental procedure was programmed with E-Prime 1.2 (Psychology Software Tools, Inc., Pittsburgh, PA). As shown in Figure 1 , each trial started with a 500-ms white fixation cross, followed by a 300-ms blue fixation cross. Then a stimulus sequence containing 12 distracting stimuli and two target stimuli were presented (100 ms duration for each picture). The first target (T1) was one of the four upright digit strings and was presented with the same occurrence probability. The second target (T2) was one of the three categories of upright adjectives and was presented equiprobably between emotional conditions. The T1 appeared randomly and equiprobably at the fourth, fifth, sixth or seventh position in the stimulus series while the T2 appeared in the third position after T1 (SOA ¼ 300 ms). To remove the superposed electrical activity elicited by the prior-and post-distractors and to obtain the ERPs elicited purely by T2, a baseline condition was designed with a blank black screen at T2 Sergent et al., 2005) . Four conditions were presented with a random order during the experiment (conditions were defined by T2, i.e. neutral word, positive word, negative word and blank screen). After each trial, subjects were required to respond to two questions as accurately as possible regarding the parity of T1 (press Key '1' when it was odd and Key '2' if it was even) and the emotional category of T2 by pressing the button on a response box with their right index finger (press Key '1' if T2 was positive, Key '2' when neutral, Key '3' when negative, and Key '4' when the participant did not see T2). The two questions were presented serially with fixed order in the end of each trial (Figure 1) . The questions disappeared when the subject indicated his or her response (i.e. the response was without time limit). Then, subjects would be led into the next stimulus series after a 600-ms period during which the screen remained black and blank. No feedback was presented throughout the experiment. The formal test was divided into four blocks (each block had 96 trials).
Electrophysiological recording and analysis Brain electrical activity was recorded referentially against left mastoid and off-line re-referenced to average reference, by a 64-channel amplifier using a standard 10-20 system (Brain Products, Gilching, Germany). Horizontal electrooculographies (EOGs) were recorded from two electrodes at the outer canthi of each eye. Vertical EOGs were recorded from electrodes situated on infraorbital and
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The CAWS contains two-character words which selected from Modern Chinese Dictionary of Commonly Used Words. The total 1500 two-character words have been evaluated in terms of valence, arousal, and dominance by 124 participants using a 9-point scale.
supra-orbital regions of the right eye. The electrode impedance was maintained <5 k. Electroencephalogram (EEG) signals were continuously sampled at 500 Hz and filtered within 0.01-100 Hz. The EEG data were corrected for eye movements using the method proposed by Gratton and Coles (1989) , as implemented in the Brain Vision Analysis software (Version 2.0; Brain Product, Gilching, Germany). Trials contaminated with large artifacts (peak-to-peak deflection exceeded AE80 mV) were excluded from the averaging (approximately 16 trials per individual were rejected).
The EEG data were segmented in association with T2, beginning 200 ms prior to the stimulus onset and lasting for 1200 ms. Trials were accepted only if the responses for T1 and T2 were correct. Stimulus-locked average ERPs under positive, neutral and negative conditions were computed separately for each participant as the difference between emotional and baseline conditions (i.e. the average ERP in emotional word condition subtracts the average ERP in baseline condition). This study analyzed the potentials of P1, N170, EPN and LPC components across different sets of electrodes according to grand-mean ERP topographies (Williams et al., 2006; Righart and de Gelder, 2007; Luo et al., 2010) . Time windows for mean amplitude calculation were centered at the peak latencies of ERP components in grand-mean waveforms, with a shorter window length for early components and a longer length for late components. The mean amplitude of P1 component was calculated at Pz, P3, P4, POz, . The mean amplitudes of N170 and EPN components were analyzed at P7, P8, PO7 and PO8 (time window: 250-290 ms for N170 and 300-400 ms for EPN). Nine electrode sites (FCz, FC3, FC4, Cz, C3, C4, CPz, CP3 and CP4) were selected for statistical analysis of the LPC mean amplitude (time window: 480-530 ms).
A three-way repeated measures analyses of variance (ANOVA) on the mean amplitudes of P1, N170, EPN and LPC components were conducted with emotion (three levels: positive, neutral and negative), hemisphere (two levels for N170 and EPN: right and left; three levels for P1 and LPC: right, midline and left) and electrodes (refer to the previous paragraph for specified electrode sites of different ERP components) as within-subjects factors. Post hoc testing of significant main effects was conducted using the Bonferroni method. P-values were corrected by Greenhouse-Geisser correction.
RESULTS
Behavioral data
ANOVAs for the accuracy showed a significant main effect of emotional type [F(2,38) ¼ 9.44, P ¼ 0.003,
The results of pairwise comparison showed that the accuracies of positive words (M AE SD, 87.8 AE 10.4%, P ¼ 0.003) and negative words (86.6 AE 11.8%, P ¼ 0.034) were higher than that of neutral words (77.2 AE 15.0%). There was no significant difference between positive and negative words (P > 0.9).
ERP data P1
The main effect of hemisphere and the interaction effect between word emotional type and hemisphere for P1 amplitudes were significant [F(2,38) ¼ 10.84, P < 0.001, 
N170
The main effect of hemisphere for N170 amplitudes was significant [F(1,19) ¼ 6.84, P ¼ 0.017, 
EPN
The main effects of word emotional type and hemisphere for EPN amplitudes were significant [F(2,38) ¼ 14.73, P < 0.001, 2 p ¼ 0.437; F(1,19) ¼ 6.57, P ¼ 0.019, 2 p ¼ 0.257]. Positive (À0.52 AE 0.36 mV, P < 0.001) and negative words (À0.32 AE 0.33 mV, P < 0.001) elicited more negative-going EPN than did neutral words (0.45 AE 0.34 mV) while there was no significant difference between the former two emotional conditions (P ¼ 1.000) (Figure 3) . The interaction effects between word emotional type and hemisphere, and between 
DISCUSSION
In the present study, ERPs were measured from participants performing a dual-target RSVP task in order to examine the time course of emotional word processing. Our behavioral data showed that the accuracy in response to positive and negative words was higher than that in response to neutral words. This is in agreement with the idea that emotional stimuli are prioritized in visual processing because they are highly relevant for biological adaptation. At the same time, our ERP data showed that the emotional valence of the stimuli modulated multiple ERP components. First, negative words elicited larger P1 component than did positive and neutral words. Second, both positive and negative words elicited larger N170/EPN components than did neutral words. Finally, positive words elicited larger LPC amplitudes than did negative and neutral words, while negative words elicited larger LPC amplitudes than did neutral words.
We observed that negative words elicited larger P1 amplitudes over the parieto-occipital areas than did positive and neutral words. Considering that the P1 is generally presumed to reflect early attention allocation in the extrastriate cortex (Hillyard et al., 1998) , the present results indicated the presence of a 'negativity bias' (defined as an early attentional bias towards negative stimuli) (Cacioppo et al., 1999; Crawford and Cacioppo, 2002) . The P1 component may reflect the first stage of emotional word processing, which mainly differentiates potentially threatening stimuli from non-threatening stimuli. Enhanced P1 amplitudes have also been reported in response to fearful expressions (Batty and Taylor, 2003; Pourtois et al., 2005) and negative words (Li et al., 2007; van Hooff et al., 2008) . This enhancement of P1 in response to negative words may be attributed to the fast information processing of negative stimuli occurring via both subcortical and cortical pathways (Morris et al., 1999; Pessoa and Adolphs, 2010) .
The present study showed that positive and negative words elicited larger N170 amplitudes and more negative-going EPN component than did neutral words, while the difference between positive and negative words was not significant within this time window. Thus, we suggest that the N170 and the EPN reflect emotional word processing in the second stage. Previous studies (Bentin et al., 1996; Rossion et al., 2000; Rebai et al., 2001) have demonstrated larger N170 amplitudes for faces as compared to objects; this phenomenon was usually interpreted as a reflection of face-specific encoding. Other reports have indicated that visual presentation of words also elicited the N170 component (Rossion et al., 2003; Simon et al., 2007; Frühholz et al., 2011) . In this study, we found that emotional words elicited larger N170 amplitudes than did neutral words, which is consistent with our previous study of emotional face processing (Luo et al., 2010) . Therefore, our data indicated that the N170 component mainly differentiates emotional from neutral words and does not differentiate between positive and negative emotions when the arousal values of the stimuli are matched.
Besides N170, this study also observed that the EPN successfully differentiated between neutral and emotional adjectives at the second stage of emotional word processing, which is consistent with previous studies (Kissler et al., 2007; Herbert et al., 2008; Kissler et al., 2009; Scott et al., 2009) . A recent study (Bayer et al., 2012) showed that EPN effects are modulated by stimulus-related arousal rather than emotional valence, which seems contradictory with the current study. This discrepancy may be due to different emotional words (nouns in Bayer et al. vs adjectives in this study) and different task requirements between the studies. Bayer et al. (2012) indicated that the EPN modulations in their study were limited to the lexical decision task while the subjects were required to discriminate the emotional valence in our experiment. The notion that the emotional modulation on the EPN component is sensitive to task requirements is also supported by the study of Hinojosa et al. (2010) , who found that emotional modulations were absent in low-level perceptual tasks. To sum up, the two components (N170 and EPN) at the time interval of the second stage (250-400 ms) revealed that positive and negative adjectives were able to elicit stronger neural activations compared with neutral adjectives in emotional discrimination task, and that this effect was independent of the arousal level of words.
In a previous study (Luo et al., 2010) , we found that the brain distinguishes between positive and negative emotions in the third stage of facial expression processing. The present study consistently found significant differences in the amplitude of the LPC induced by positive, neutral and negative words, suggesting that the LPC reflects the third stage of emotional word processing. Fischler and Bradley (2006) reviewed a series of studies involving the processing of words and simple phrases. They concluded that fronto-central positivity 300-600 ms after stimulus onset was enhanced in response to pleasant and unpleasant stimuli compared with neutral stimuli. In agreement, others have suggested that enhanced LPC amplitudes reflect the elaborate processing of high-arousal stimuli (Cuthbert et al., 1999) . However, the LPC effect was evident even after controlling for the arousal levels of different stimulus types in the present study. Our data suggest that the amplitude of the LPC reflects differences not Three stages of emotional word process SCAN (2014) only in arousal, but also in valence among emotional words. These results are consistent with previous studies showing emotional effects on LPC amplitudes at a constant arousal level (Delplanque et al., 2004; Conroy and Polich, 2007) . In addition, we observed that the largest LPC amplitude was induced by positive words, in agreement with previous studies (Schapkin et al., 2000; Herbert et al., 2006 Herbert et al., , 2008 Kissler et al., 2009) . Whereas early stimulus registration usually prioritizes unpleasant stimuli (i.e. negativity bias), pleasant words may enhance the elaborative processes of attentional capture, evaluation, categorical decision making and/or memory encoding at a later word processing stage .This later effect of 'positivity offset' results in larger LPC amplitudes in response to positive words (Ferré, 2003; Kissler et al., 2006) . As expected, the ERP dynamics observed in the present study differed from those documented in the previous facial expression study (Luo et al., 2010) . First, we previously found a negativity bias of the anterior N1 component ($100 ms), whereas the present study found no difference in N1 between emotional conditions. Because facial expressions are direct biological cues, the processing of fearful facial expressions is likely be more rapid than that of negative words. Second, our previous study found that fearful faces elicited larger P3 amplitudes than did happy faces. However, the present study found that positive words elicited larger LPC amplitudes than did negative words, in agreement with several studies documenting larger LPC amplitudes evoked by pleasant words than by unpleasant words (Schapkin et al., 2000; Herbert et al., 2006 Herbert et al., , 2008 Kissler et al., 2009) . Third, our data indicated that while the N170 component in the right hemisphere appeared to respond most to facial expressions, the processing of emotional words does not have this right hemisphere advantage. Previous studies have shown that the visual presentation of words can elicit the N170 (Rossion et al., 2003; Simon et al., 2007; Mercure et al., 2008) and EPN (Frühholz et al., 2011) components in a region lateralized more to the left hemisphere. The left hemisphere advantage of the N170 and EPN components observed in our study may reflect enhanced activity of the visual word-form area, which is particularly responsive to visually presented words and is located in the left fusiform gyrus (McCandliss et al., 2003) .
Readers may notice an atypical use of component terms in the present study. For instance, the typical peak latencies for the P1 and N170 components are 100-130 ms and 170 ms (Luck, 2005) . However, we used the terms P1 and N170 to name the two ERP components with peak latencies of $180 and 260 ms (Figures 2 and 3) . We made these designations mainly because the scalp topographies of the two components were consistent with expectations for parieto-occipital P1 and occipito-temporal N170. The latency delays observed for P1, N170 and EPN in the current study are likely attributable to the RSVP paradigm employed in this experiment, which is a relatively difficult task requiring participants to discriminate the parity of a digit string at T1 and then to identify the emotional category of an adjective 200 ms later at T2 in a rapidly presented stimulus stream (see also Kessler et al., 2005; Luo et al., 2013 for a similar ERP latency delay using a dual-target RSVP paradigm).
Our results provide new evidence supporting the hypothesis that a common model may explain the processing of emotional information of various types in the context of limited attention resources. However, current accumulated knowledge remains insufficient to conclude that the brain can analyze the nature of emotion independent of stimulus type. We used only six adjectives per emotional condition in this study. It is because the Chinese Affective Words System contains a total of 1500 two-character words but only 500 adjective, nouns and verbs, respectively. To investigate the pure effect of emotional valence, we used only words with significantly different valence and similar arousal, occurrence and strokes. Few words met these criteria. Therefore, further work is needed to verify the three-stage model using (i) a larger sample of words; (ii) other word categories, such as verbs and nouns (e.g. Kissler and Herbert, 2013) and (iii) other stimulus types, such as emotional images and body postures.
CONCLUSION
In the current study, adjectives were used to investigate the pure effects of emotional valence on ERP components during visual word processing. The data demonstrated that, similar to facial expression processing, emotional word processing occurs in three stages (P1, N170/EPN and LPC) and is modulated independently by the emotional valence of stimuli.
SUPPLEMENTARY DATA Supplementary data are available at SCAN online.
